The JAK/STAT signalling pathway mediates both antiproliferative responses following interferon stimulation and cellular proliferation in response to cytokines such as interleukins and growth factors. Central to these responses are the seven vertebrate STAT molecules, misregulation of which is implicated in a variety of malignancies. We have investigated the proliferative role of the single Drosophila STAT92E, part of the evolutionarily conserved JAK/STAT cascade. During second instar larval wing disc development pathway activity is both necessary and sufficient to promote proliferation of this epithelial cell type. However by later stages, endogenous STAT92E is stimulated by a noncannonical mechanism to exert pronounced antiproliferative effects. Ectopic canonical activation is sufficient to further decrease proliferation and leads to the premature arrest of cells in the G2 phase of the cell cycle. The single STAT92E present in Drosophila therefore mediates both proproliferative functions analogous to vertebrate interleukin-stimulated STAT3 and antiproliferative functions analogous to interferon-stimulated STAT1. Pro-and antiproliferative roles therefore represent ancestral activities conserved through evolution and subsequently assigned to distinct molecules.
Introduction
The JAK/STAT signal transduction cascade was first identified because of its role in the transduction of interferon, cytokine and growth factor signals. Extensive studies in mammalian systems have led to the development of a canonical model in which a nonreceptor JAnus Kinase (JAK) is associated with trans-membrane cytokine receptors. Following ligand binding, receptor/ JAK complexes are activated resulting in tyrosine phosphorylation of both receptor and JAK. This causes the normally cytosolic Signal Transducers and Activator of Transcription (STAT) molecules to bind to the receptor complex via their Src homology 2 (SH2) domains before being activated by JAK-mediated phosphorylation of an invariant C-terminal tyrosine residue. These STAT molecules then either homo-or heterodimerize prior to nuclear translocation. Once in the nucleus activated STAT dimers bind to consensus DNA target sites present in the promoters of pathway target genes where they activate transcription (reviewed in Darnell, 1997; Hou et al., 2002) .
Components of the JAK/STAT signal transduction pathway are required for multiple developmental processes and play central roles in haematopoietic development and the immune response (for reviews, see Coffer et al., 2000; Shuai and Liu, 2003) . However, it is the role of the pathway in multiple human malignancies, and the overproliferation of cells that results, that has been a major focus of JAK/STAT-related research over recent years (Song and Grandis, 2000; Bromberg, 2002) . Elevated levels of STAT activity are present in a large number of primary tumours and tumour-derived cell lines with STAT3 and STAT5 (the closest homologue of Drosophila STAT92E) representing the major class of STATs involved in promoting oncogenesis (Bowman et al., 2000) . By contrast, STAT1 transduces signalling by the interferon group of ligands, molecules which signal through a distinct set of receptors to mediate potent antiviral and antiproliferative responses in vivo (Ramana et al., 2002) .
The JAK/STAT pathway has been conserved through evolution and is present in the fruit fly Drosophila melanogaster (Castelli-Gair Hombrı´a and Brown, 2002) . In flies an extracellular ligand Unpaired (Upd: Harrison et al., 1998) , a trans-membrane receptor, Domeless (Dome: Brown et al., 2001; Chen et al., 2002) , a JAK tyrosine kinase called Hopscotch (Hop: Binari and Perrimon, 1994) and the STAT92E transcription factor (Hou et al., 1996; Yan et al., 1996) make up the pathway. The identification of mutations in all components, in combination with the developmental genetics of the Drosophila system have lead to the identification of multiple embryonic, larval and adult developmental processes which require the pathway (reviewed in Castelli-Gair Hombrı´a and Brown, 2002; Hou et al., 2002) .
Consistent with its role in vertebrates, a number of mutant phenotypes have been described in Drosophila that imply a developmental role for the JAK/STAT pathway during cellular proliferation. These include haemocyte overproliferation associated with the dominant gain-of-function JAK allele hop TumÀl (Hanratty and Dearolf, 1993) and small eye phenotypes associated with the hypomorphic loss-of-function upd OS[S] allele (Bach et al., 2003) . The small eyes present in this genetic background are derived from larval structures termed imaginal discs, pockets of epithelial tissue set aside during embryonic development that remain diploid and mitotically active throughout larval life. During pupal stages, these discs stop proliferating before differentiating to form much of the adult epidermis (Cohen, 1993) .
Here, we characterise the role of the Drosophila JAK/ STAT pathway in modulating cellular proliferation during wing imaginal disc development. We show that JAK/STAT signalling is both necessary and sufficient for proliferation during early larval development, yet this requirement changes such that STAT92E functions as an antiproliferative factor at later stages. We show that the antiproliferative effect is mediated by a noncannonical activation of full-length STAT92E independent of Hop. However, canonical STAT92E activation is sufficient to slow proliferation further and results in a premature G2 arrest. It therefore appears that the single ancestral STAT homologue present in Drosophila can mediate both pro-and antiproliferative functions subsequently undertaken by distinct vertebrate STATs.
Results

JAK/STAT signalling and imaginal growth
As a starting point to assess the requirement for JAK/ STAT signalling during proliferation, we examined the growth of imaginal discs in mutants of the amorphic hop M13 allele (Binari and Perrimon, 1994) . Maternal gene product contributed to the developing oocyte is sufficient to rescue embryonic development of zygotic mutants which survive until late larval/early pupal stages approximately 120 h after egg laying (AEL; Perrimon and Mahowald, 1986) . Wing and eye imaginal discs mutant for hop M13 larvae were therefore examined at wandering larval stages when levels of maternally contributed Hop are low. When stained with phaloidin to visualize disc shape and structure, a striking decrease in the size of hop M13 mutant discs is readily apparent (Figure 1 ). In order to quantify the temporal requirement for JAK/STAT signalling during imaginal disc development, we then induced mitotic recombination events using the FLP/FRT system (Xu and Rubin, 1993) to produce pairs of cells either wild type or homozygous mutant for the strong loss-of-function STAT92E 06346 allele (Hou et al., 1996) , which is transcript null and does not produce any STAT92E protein. The two cells generated following mitotic recombination are born at the same time and in the same cellular environment and represent mutant experimental and wild-type controls whose subsequent proliferation and growth can be compared. By examining the clonally related groups of cells that result at given time points following recombination, a quantitative indication of the relative requirement for STAT92E-dependent growth can be obtained.
Using this assay we induced recombination during first instar development such that mutant and wild-type twin clones could be distinguished in the adult cuticle. Analysis of the resulting mutant and wild-type clone pairs in the adult notum, a structure derived from the wing imaginal disc, showed that STAT92E 06346 mutant clones are on average only 52% the size of associated wild-type twin clones. Mutant tissue contained a mean of 4.4 bristles, while the associated wild-type clones contain a mean of 8.5 bristles (n ¼ 15). Controls in which recombination using nonmutant chromosomes were induced showed no significant size differences (not shown). We then examined similarly induced STAT92E mutant clones during late larval development. During 'wandering' third instar larval stages, approximately 120 h AEL (Figure 2a(a) ) mutant regions lacking a GFP marker are readily distinguished from more strongly labelled wild-type twin clones expressing GFP from two copies of the marker construct (Figure 2b ). In 77 STAT92E 06346 clones distributed throughout the wing disc, mutant tissue was on average only 33% the size of associated wild-type twin clone areas, although the size of individual STAT92E mutant clones is quite variable (see also below).
Thus, mutant tissue lacking STAT92E from early stages of larval development and allowed to develop until either late larval stages or adulthood grow more slowly than wild-type controls clones, indicating a strong net requirement for STAT92E activity during development.
JAK/STAT signalling does not alter cell size or apoptosis
The small size of STAT92E mutant clones implies a role for JAK/STAT signalling to promote cellular growth (size), cell survival and/or cellular proliferation. We therefore first determined whether an increase in apoptosis or differences in cell size could explain the data described above. Initially, we examined the size of cells within STAT92E mutant clones induced at 30712 h and dissected at 60 h AEL. These are not visibly different from neighbouring wild-type cells ( Figure 2c ) and counts of nuclei present within mutant and wild-type twin clones of known sizes indicate only minor differences in cell density. In addition, the spacing of hairs present on each of the cells that make up the adult cuticle showed no differences between mutant and adjacent wild-type regions (not shown).
We then assayed for the presence of apoptotic cells within STAT92E mutant clones using both the vital dye acridine orange and antibodies that recognize the cleaved form of Caspase 3, a modification specific to apoptotic cells (White et al., 2001) . While wild-type wing discs normally contain a small number of apoptotic cells, no increase in the frequency of anticleaved Caspase 3 staining was observed in discs containing STAT92E 06346 clones dissected at either 60 or 120 h AEL (not shown).
Collectively, it therefore appears that the differences between STAT92E mutant and wild-type clones cannot be explained by significant changes in cell size or increases in the rate of apoptosis. This result is also consistent with the lack of interaction observed in experiments between components of the apoptosis machinery and a sensitized eye overgrowth phenotype mediated by the JAK/STAT pathway (Bach et al., 2003) . 
Cellular proliferation in STAT92E mutant clones
The rate of cellular division within the developing wing imaginal disc varies both spatially and temporally during development (Garcı´a-Bellido and Merriam, 1971 ) and can also be affected by overcrowding effects. We therefore refined our initial analysis by generating STAT92E mutant clones in small cohorts of larvae collected during strictly controlled 2 h time windows. Mitotic recombination events were then induced at 36, 54 and 72 h AEL (Figure 2ab-d) and aged for 24 h prior to measuring the surface area of mutant and wild-type twin clone pairs ( Table 1) . As loss of STAT92E has no effect on cell size, differences in clonal area are directly proportional to differences in cell number. Consistent with our initial observations, STAT92E
06346 clones induced at 3671 h (subsequently referred to as 'young' clones) are only 40722% the size of their wild-type twin clones (Table 1 ). In addition, the density of mitotic nuclei revealed by staining with antibodies against phosphorylated Histone 3 (Jager et al., 2001) showed that per unit area STAT92E mutant clones contain less than half as many mitotic nuclei as twin clones (not shown). These results support the hypothesis that STAT signalling plays a significant, although not essential, proproliferative role during early stages of larval development.
We then went on to examine STAT92E mutant clones induced at 5471 and 7271 h AEL (Figure 2ac and d) . Strikingly, 5471 h AEL clones are only slightly smaller than their twin clones (Table 1) , while 7271 h AEL clones, which have grown throughout third instar development (and are subsequently termed 'late clones'), appear to have overproliferated and are on average 161785% the size of their wild-type twin clone controls ( Figure 2d ; Table 1 ). In order to exclude potential genetic background effects as a cause for this change, the independent amorphic allele, STAT92E 397 (Silver and Montell, 2001 ) was also tested and found to produce a similar overgrowth effect while control experiments using a wild-type chromosome showed no differences in clone size (Table 1) . Statistically, the areas of STAT92E mutant clones of both alleles are significantly larger than wild-type controls (Table 1 ) (Po0.01). One noteworthy finding was the large inherent variability in the size of clones lacking STAT92E as illustrated by the standard deviations of these sample groups ( Figure 2d ; Table 1 ). Analysis of clones based on their distribution within the wing disc failed to identify any pattern to this effect and its cause is as yet unknown.
Given that removal of endogenous STAT92E is sufficient to allow wing imaginal disc cells to proliferate faster than their wild-type twin clones, it follows that STAT92E activity must exert an antiproliferative effect at this stage. Thus, while STAT92E is strongly required for proliferation during second instar stages, this role changes during the course of development and by third instar STAT92E activity has antiproliferative consequences. It should however be noted that despite this changing role, the small size of STAT92E mutant clones induced early and assayed in adults implies a net proliferative requirement for STAT92E over the course of development.
Noncanonical STAT92E activation
On the basis of the STAT92E clonal results described above, we next examined the expression of the known pathway components. We first examined the Upd ligand, a secreted glycoprotein (Harrison et al., 1998) , whose expression is closely associated with almost all examples of pathway activity described to date (for review, see Castelli-Gair Hombrı´a and Brown, 2002) . During early and late second instar wing development, upd is detected in a large domain within the future dorsal hinge (Figure 3a, b) . Given the diffusible nature of Upd, and the small size of the wing disc at this stage, it is likely that Upd is able to stimulate STAT92E throughout the disc via the canonical Dome/JAK/STAT signalling cascade. By late third instar development, the wing imaginal disc has grown considerably and the expression of upd has resolved into distinct regions within the presumptive dorsal and posterior hinge (Figure 3c) . A large proportion of wing disc cells are therefore located many cell diameters away from a potential source of ligand. By contrast, domeless (Figure 3d ), hopscotch ( Figure 3e ) and stat92E (Figure 3f) mRNA's are all expressed essentially uniformly throughout third instar wing discs and explain why ectopic Upd expression is sufficient to misactivate the pathway (see below). Interestingly, the levels of STAT92E protein present in wing disc are not entirely uniform but are present at higher levels in the future notum and in central regions in which upd is expressed (Figure 3g arrow heads) , a finding that is consistent with the previously described stabilization of STAT92E in actively signalling cells (Johansen et al., 2003; Chen et al., 2002; Read et al., 2004) .
Given the uniform expression of most pathway components, and the highly restricted pattern of upd expression, we then examined the possibility that STAT92E may be activated via a noncanonical mechanism in much of the late wing disc. To test this, we induced late loss-of-function clones using the amorphic hop C111 allele (Binari and Perrimon, 1994) . Strikingly, although hop is uniformly expressed at this stage, clones lacking all JAK kinase activity do not show the overgrowth phenotype characteristic of stat92E mutant clones and are essentially the same size as their twin Drosophila JAK/STAT and proliferation T Mukherjee et al clone controls (Figure 4a ; Table 1 ). Given this unexpected result, we set out to obtain additional confirmation of this effect. As described above, STAT92E protein appears to be stabilized in response to pathway activation ( Figure 3g ; Chen et al., 2002; Johansen et al., 2003; Read et al., 2004 (Figure 3g ), the loss of Hop activity within mutant clones located away from regions of endogenous upd expression had no influence on the levels of STAT92E protein detected (Figure 4a-c) .
These results suggest that STAT92E does not require Hop to mediate its antiproliferative function or its activity-related stability in late stage wing discs. It therefore seems likely that a noncanonical mechanism, independent of Hop and probably independent of Upd, is responsible for STAT92E activation at this stage (see also below).
Modulation of proliferation by ectopic pathway activation
Having demonstrated the changing requirement for STAT92E in cellular proliferation, we then undertook the converse experiments to determine if ectopic pathway activation is also sufficient to modulate cellular proliferation. We therefore used the wing disc specific driver line MJ21a-Gal4 to drive expression of pathway components in the presumptive dorsal wing blade using the Gal4/UAS system (Brand and Perrimon, 1993) . By comparison to 9671 h AEL discs expressing only GFP, those expressing ectopic Upd or Hop contain less than one third as many pH3-positive mitotic cells in the dorsal wing pouch (Table 2) , a statistically significant decrease (Po0.01). Thus, while loss-of-function clones indicate that endogenous STAT92E activity serves to reduce the rate of cellular proliferation at this stage, In order to examine the role of pathway activation at specific time points, we then induced random GFP marked 'gain-of-function' clones (Ito et al., 1997) that express either Upd, Hop or the dominant negative receptor DomeDCyt (Brown et al., 2001; Bach et al., 2003) . By comparison to 3671 h AEL 'early' clones, which express only GFP, gain-of-function clones misexpressing Upd contain slightly more cells per clone, and a significantly higher proportion of pH3-positive mitotic nuclei (Table 3) . Consistent with this, early clones expressing DomeDCyt contain fewer cells and pH3-positive mitotic nuclei than controls (Table 3) . These results are consistent with the loss-of-function analysis described above ( Table 1 ) and indicate that JAK/STAT pathway activation is not only necessary but also sufficient to stimulate proliferation during second instar larval development. Furthermore, the phenotype resulting from misexpression of DomeDCyt, when Upd is widely expressed in the developing wing disc, confirms that STAT92E is likely to be stimulated by the canonical signalling pathway at this stage.
As predicted by STAT92E loss-of-function clonal analysis and Mj21a-Gal4-driven Upd expression, 7271 h AEL 'late' gain-of-function clones expressing Upd or Hop contain significantly fewer cells, and a lower proportion of pH3-positive nuclei than GFPexpressing controls (Table 3) . Thus, re-confirming the late antiproliferative roles for JAK/STAT signalling in the developing wing imaginal disc.
Late JAK/STAT activity causes G2 arrest
During the course of wild-type wing development, cells progressively accumulate and arrest in the G2 stage of the cell cycle until all proliferation ceases around 21 h after pupal formation (Cohen, 1993) . In order to assess the potential mechanistic basis of the JAK/STAT pathway-induced antiproliferative effect, we stained late Hop misexpressing gain-of-function clones for CycB, a cyclin specifically expressed during the G2 stage of the cell cycle (Whitfield et al., 1990) . In such Hop misexpressing clones (which activate STAT92E autonomously), GFP-positive cells contain higher levels of CycB than the surrounding unstimulated cells (Figure 4) , indicating that an increased proportion of these cells are in the G2 stage of the cell cycle. A finding that is consistent with the reduction in the number of mitotic nuclei detected following pathway activation (Table 2) .
DNSTAT92E is not responsible for antiproliferative activity
A recent report has described the existence of an alternatively spliced form of stat92E that encodes an N-terminally truncated dominant negative protein (Henriksen et al., 2002) . Given the changing proliferative role of STAT92E during development, it is conceivable that a change in the relative ratio of In this scenario, full-length STAT92E is responsible for early proproliferative activity, while a progressive increase in the level of DNSTAT92E counteracts the activity of full-length STAT92E to induce the antiproliferative effects observed at later stages. Given that it is not possible to determine the relative in vivo activity of these two splice forms by analysing mRNA or even protein levels, we therefore utilized a genetic approach to address this question. We reasoned that should DNSTAT92E be mediating the antiproliferative response, clones of cells autonomously overexpressing this dominant negative form would exhibit a stronger effect than those overexpressing GFP alone and would be smaller, or possibly the same size, as the controls. Conversely, should full-length STAT92E be responsible for the antiproliferative effect, overexpression of DNSTAT92E would inhibit the activity of the endogenous full-length STAT92E, the antiproliferative effect would be reduced and clones would be larger than controls. Such DNSTAT92E-expressing clones induced at 7271 h AEL and dissected 24 h later are on average 125% of the size of GFP-expressing controls (Po0.01 n ¼ 80), indicating that the antiproliferative role of STAT92E at this stage results from the activity of fulllength protein. Consistent with this, RT-PCR analysis of mRNA from wild-type 96 h AEL wing discs shows that full-length and truncated isoforms are both expressed at this stage (not shown). Thus while it is not possible to determine the absolute protein activities involved, it is clear that full-length STAT92E is responsible for the late antiproliferative effects observed.
Discussion
Here, we have described the changing role of STAT92E for the control of cellular proliferation in the developing wing imaginal disc. We have shown that endogenous STAT92E is stimulated via a noncanonical, JAKindependent mechanism at late stages, while canonical ectopic pathway activation remains sufficient to further increase the antiproliferative effect. Furthermore, this activity is mediated by full-length STAT92E, which may function by causing cells to accumulate in G2.
The activity of the Drosophila JAK/STAT pathway is required for multiple processes during embryonic, larval and adult life where it produces diverse developmental, transcriptional and cell biological effects (reviewed in Castelli-Gair Hombrı´a and Brown, 2002; Hou et al., 2002) . This report is the first in which the role of the pathway in controlling cellular proliferation has been studied in detail and we have used the context of the developing wing imaginal disc as an in vivo system. Cells of the wing imaginal disc have been widely used for the study of cellular proliferation (see Neufeld et al., 1998; Baonza and Garcı´a-Bellido, 2000 ; Martı´n-Castellanos and Edgar, 2002) and represent a relatively uniform field of proliferating columnar epithelial cells that appears to be morphologically and structurally constant over the developmental stages we have investigated. It is, however, clear that the proliferative consequences of STAT92E activation in these cells changes over the course of development and it remains to be determined whether this change is a consequence of STAT92E itself, changes in the cellular environment over time or a combination of the two.
Although Drosophila STAT92E is clearly related to all vertebrate STAT family members, STAT5b represents the closest vertebrate homologue of the single fly STAT transcription factor. Strikingly, constitutively active STAT5 and STAT3 have been shown to have transforming properties and have been implicated in increased cellular proliferation and tumour development (Bowman et al., 2000) . By contrast, STAT1 has been described as a potential tumour suppressor and its activation is associated with growth arrest (Durbin et al., 1996) . STAT1 is central to the transduction of interferon signalling (Calo`et al., 2003) and, in conjunction with specific interferon receptors, elicits potent antiviral and antiproliferative responses (Bluyssen and Levy, 1997; Platanias and Fish, 1999) . Thus, while JAK/STAT signalling in vertebrates mediates both proliferative and antiproliferative responses, the same effects require only the single STAT92E homologue present in flies. While the precise mechanism by which the changing biological effect of STAT92E activity is mediated remains to be established, it appears that both positive and negative regulation of cellular proliferation may represent ancestral functions of STAT signalling.
One surprising finding is the late stage noncannonical activation of STAT92E in the wing disc. Diverse signalling molecules including G-protein-coupled receptors (GPCRs), Notch, Src kinases and Receptor Tyrosine Kinases (RTKs) have all been described as noncanonical activators of STAT in both vertebrate and Drosophila systems (Li et al., 2003; Rodrı´guez-Frade et al., 2003; Silva et al., 2003; Kamakura et al., 2004) . Although we have not been able to definitively identify the source of noncanonical STAT92E activation, a number of predictions can be made. In Drosophila, it has been suggested that the Torso RTK may activate STAT92E in the pole cells of the early fly embryo (Li et al., 2003) . The Torso RTK is only expressed maternally and required during early embryogenesis and is thus unlikely to undertake a similar role in the wing disc. However, a detailed analysis of the Drosophila Epidermal Growth Factor receptor, a related RTK, indicates that this receptor and its downstream pathway are strongly required for the proliferation of wing imaginal disc cells (Diaz-Benjumea and Hafen, 1994) . As loss of a STAT92E activator would result in late overproliferation, it seems unlikely that RTKs are responsible for the noncanonical activation observed. An alternative possibility is an interaction with the Notch signalling cascade. Indeed, genetic interactions between components of the Notch pathway and an eye over proliferation screen termed GMR-updD3 0 (Bach et al., 2003) has been observed (TM unpublished observation). However, ectopic activation of the Notch pathway in late stage wing discs has been shown to result in cellular proliferation (Baonza and Garcı´a-Bellido, 2000; Gira´ldez and Cohen, 2003) , a phenotype opposite to that expected of a STAT92E activator at this stage. In addition, a recent report has determined that Notch-induced STAT3 activity requires JAK2 in vertebrate systems (Kamakura et al., 2004) . Taken together, it therefore seems unlikely that late STAT92E activity is mediated via Notch. By contrast both Srcs and GPCRs represent potential candidates for late STAT92E activation. While no studies have been undertaken regarding the role of GPCRs in wing disc development, the roles of the two Drosophila Src homologues are of interest. In particular, it has been shown that STAT92E is involved in the transduction of Src-induced overproliferation in the eye (Read et al., 2004) . However, a role for Src kinases in wing disc cellular proliferation remains to be determined.
Although the identity of the mechanism leading to noncanonical STAT92E activation remains unclear, it should be noted that ectopic STAT92E stimulation via activation of the canonical pathway (following Upd or Hop misexpression) is sufficient to further decrease proliferation at later stages. This finding implies that the precise mechanism of STAT92E activation is not responsible for the change in the proliferative role of the molecule over developmental time.
Materials and methods
